ABSTRACT Sources of Zn, Mn, and Cu (IZMC) as sulfates or as amino acid complexes (OZMC) were used to supplement Cobb 500 breeder hen diets. Experimental treatments consisted of diets supplemented with 1) 100, 100, and 10 mg/kg of Zn, Mn, and Cu, respectively, from IZMC (control); 2) 60, 60, and 3 mg/kg of Zn, Mn, and Cu, respectively, from IZMC plus 40, 40, and 7 mg/kg of Zn, Mn, and Cu, respectively, from OZMC (ISO); and 3) a diet with 100, 100, and 10 mg/ kg of Zn, Mn, and Cu, respectively, from IZMC as in control plus 40, 40, and 7 mg/kg of supplemental Zn, Mn, and Cu from OZMC (on top). Ten replications of 20 females and 2 males were used per treatment. Eggs from breeders at 30, 40, 50 and 60 wk of age were incubated, and 5 embryos per replicate were collected at 10 (E10), 14 (E14), and 18 (E18) d of incubation. Midshaft width and calcification were measured for left tibia and femur stained with Alcian Blue and Alizarin Red S. At hatch, the left tibia of 5 chicks per replicate was sampled for histological evaluation of the diaphysis and distal epiphysis. Feeding the ISO treatment compared with the control diet increased the Zn (P < 0.05) but not Mn and Cu content of the yolk and albumen blend. At E14, the ISO and on-top treatments had a trend to increase tibia calcification at the rates of 1.6 and 1%, respectively (P < 0.1). The E18 ISO and ontop treatments had 2% thicker tibia compared with the control, regardless of hen age (P < 0.05). Also, at E18, calcification of tibia and femur was higher from hens fed the on-top treatment (P < 0.05). The chicks from the ISO and on-top groups had increased tibia moment of inertia (P < 0.01) at day of hatch. Broiler breeder hens consuming OZMC associated with IZMC produced embryos and hatching chicks with improvements in selected bone mineralization parameters.
INTRODUCTION
Breeding selection and changes in production efficiency of poultry have resulted in annual improvements in BW gain, feed efficiency, and meat yields (Vieira and Angel, 2012) . With these improvements, it became evident that some systems, such as the skeletal system, were not keeping up with the increase in muscle mass (Dibner et al., 2007) . Sullivan (1994) estimated that 2 to 5% of the broilers raised are lost annually as a consequence of skeletal problems during the growing and finishing phases due to mortalities and condemnations. Thus, broiler bone development and providing nutrients for a healthy start are important for the breeder industry.
Growth and development of the chick embryo and hatchling are dependent on the nutrients in the fertile egg (Richards, 1997; Uni et al., 2012) . It is well documented that the hens' diet mineral concentration and availability are correlated with minerals in the egg for embryo utilization (Kidd, 2003; Dibner et al., 2007) . However, trace mineral requirements and availability of trace minerals are not well defined for broiler breeder hens for hatchability and embryo bone development. The importance of trace minerals to the growth and development of embryos is supported by many publications showing that mineral deficiency can reduce hatchability, increase mortality, as well cause skeletal, immune, and cardiovascular system disorders (Kidd, 2003; Dibner et al., 2007) .
Feeding diets containing high levels of most minerals in inorganic form to hens has little or no effect on the egg mineral concentration (Naber, 1979; Angel, 2007) . In contrast to inorganic trace minerals (ITM), organic trace mineral (OTM) sources and their mixtures have been shown to increase the amount of minerals in the egg components (Hudson et al., 2004; Dobrzanski et al., 2008) . Generally, OTM are molecules resulting from an ionic or a covalent bonding between a metal ion and a ligand such as protein or carbohydrate (Vieira, 2008) . The use of OTM in animal diets has been increasing because they appear to have greater bioavailability compared with ITM. This increased availability has been attributed, in part, to an increased solubility and decreased interaction with other nutrients during absorption in the gastrointestinal tract level (Cao et al., 2002) . There is a growing interest in the evaluation of organic mineral sources in broiler breeder diets because they have been shown to improve reproductive performance (Kidd, et al., 1992; Virden et al., 2003; Hudson et al., 2004) . The objective of this study was to evaluate egg mineral composition and chick embryo bone development when feeding inorganic sulfate and amino acid-complexed sources of Zn, Mn, and Cu in breeder diets.
MATERIALS AND METHODS

Birds
All the procedures in the study were done according to the directives of the Ethics and Research Committee of the Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil. Six hundred slow-feathering, Cobb 500 broiler breeder hens and 60 Cobb 500 breeder males, 22 wk of age, were obtained from a commercial breeder farm (Doux Frangosul, Montenegro, RS, Brazil) . Birds were placed in 30 floor pens (20 females and 2 males), and lighting and feeding throughout the study followed to the Cobb Management Guide (CobbVantress, 2008a ).
Experimental Diets
Energy and nutrients daily provided to the breeders followed Cobb recommendations (Cobb-Vantress, 2008b) . Two diet phases were used (22 to 32 wk and 33 to 68 wk) for females, but males were fed the same diet throughout the entire study (Table 1) . Females were fed separately from males using a separate feeder, which had a head grid constraint. Inorganic sources of Zn, Mn, and Cu (IZMC; DSM, Nutritional Products, São Paulo, SP, Brazil) as zinc sulfate monohydrate (35% Zn), manganese sulfate monohydrate (31% Mn), and copper sulfate pentahydrate (25% Zn) or organic sources of Zn, Mn, and Cu as amino acid-mineral complex (OZMC) were used (AvailaZMC, Zinpro Corp., Eden Prairie, MN). Additional information about the amino acid-mineral complex is included in the patent information (Anderson and Abdel-Monem, 2003) . The 3 experimental treatments consisted of diets exceeding NRC (1994) requirements containing 1) 100, 100, and 10 mg/kg of Zn, Mn, and Cu, respectively, from IZMC (control); 2) 60, 60, and 3 mg/kg of Zn, Mn, and Cu, respectively, from IZMC plus 40, 40, and 7 mg/kg of Zn, Mn, and Cu, respectively, from OZMC (ISO); and 3) a diet with 100, 100, and 10 mg/kg of Zn, Mn, and Cu, respectively, from IZMC as in the control plus 40, 40, and 7 mg/kg of supplemental Zn, Mn, and Cu from OZMC (on top). Each dietary treatment was replicated 10 times (3 dietary treatments in 30 floor pens). Formulated and analyzed nutrient content of the diets are shown in Table 1 . Diets samples were collected and analyzed, in duplicate, for CP (988.05), Ca (927.02; AOAC, 1990) , and P (Cavell, 1955) .
Trace Mineral Analysis
Basal and experimental diet subsamples were analyzed, in duplicate, for Zn, Mn, and Cu concentration from each feed mix batch (every 4 wk). At 35, 45, 55, and 65 wk of age, yolk and albumen contents from 5 randomly frozen (−18°C) settable eggs per replicate were thawed, mixed, dehydrated in a forced-draft oven at 55°C for 96 h, ground through a 0.5-mm sieve, and sampled.
A representative sample of each diet and eggs (250 mg) were weighed and digested with a mixture of 2 mL of 30% H 2 O 2 and 4 mL of 70% HNO 3 for 6 h in a 100°C bath according to AOAC International (1999) . The digested samples were analyzed for Zn, Mn, and Cu content using an inductively coupled plasma atomic emission spectroscopy instrument (Spectro Flame Modula E, Kleve, Germany).
Incubation Management
Eggs were collected 4 times daily, and 90 eggs per replicate pen were set for incubation at 30, 40, 50, and 60 wk. Only nest-laid eggs that were well shaped, without double yolk, unbroken, uncracked, and adequate shell quality were incubated. Eggs were stored during 7 d in a controlled environment room at 18°C and 75% RH, before incubation. The settable eggs were placed into replicate trays (n = 30 trays) in a single-stage incubator (Avicomave AV039, Iracemápolis, SP, Brazil) with a 3,600-egg capacity. The incubator was set as 37.5°C and 60% RH. On d 18.5, eggs were transferred to the hatcher (Avicomave AV038, Iracemápolis, SP, Brazil), which was set at 36.5°C and 65% RH until 21.5 d of incubation.
Embryo Skeleton Staining and Morphometry
One thousand eight hundred embryos were evaluated for bone skeleton calcification. With eggs collected from breeders at 30, 40, 50, and 60 wk of age, 5 embryos from each of 10 replicates were taken on each of the following embryonic (E) days: E10, E14, and E18. Embryonic skeletons were stained with Alcian blue 8GX (C.I. 74240) and Alizarin red S (C.I. 58005; Vetec Química Fina, Rio de Janeiro, RJ, Brazil) for cartilage and bone ossification, respectively, and cleared in KOH-glycerol. The skeleton staining procedures followed a modification of Ojeda et al. (1970) , and Nakane and Tsudzuki (1999) methods for E10 as follows: 1) viscera and yolk sac were removed; 2) the remaining embryo was fixed and stained for 2 d at 37°C in a freshly prepared solution of 95% ethanol (80 mL), 20 mL of acetic acid, and 15 mg of Alcian blue 8GX; 3) the fixed and stained embryo was dehydrated in 95% ethanol for 7 d with 3 ethanol changes; 4) the fixed, stained, and dehydrated embryo was stained and macerated for approximately 10 d or more in 2% KOH distilled H 2 O solution (bones will start to be divisible at this stage); 5) stained for 1 d in 0.002% Alizarin red S/2% KOH distilled H 2 O solution; 6) cleared in glycerine/distilled H 2 O solutions of increasing concentration (25, 50, and 75%) of glycerine for 7 d each, to 100% glycerine for storage. For E14, a few modifications were done, such as 1) skin, adipose tissue, viscera, and yolk sac are removed; 2) fixed and stained as in step (2) 3 Supplied per kilogram of diet: selenium (from sodium selenite), 0.3 mg; iron (from ferrous sulfate), 75 mg; iodine (source = calcium iodate), 1 mg; cobalt (from cobalt sulfate), 1 mg.
4 Supplied per kilogram of diet: zinc (from zinc sulfate), 100 mg; manganese (from manganese sulfate), 100 mg; copper (from copper sulfate), 10 mg; selenium (from sodium selenite), 0.3 mg; iron (from ferrous sulfate), 75 mg; iodine (source = calcium iodate), 1 mg; cobalt (from cobalt sulfate), 1 mg. 5 The trace mineral sources replace kaolin Mineração Violani, Colombo, Paraná, Brazil) . 6 Values within parentheses are analyzed means and SD; n = 12.
0.002% Alizarin red S/2% KOH distilled H 2 O solution; and 6) clearance and storage as in step (6) for E10. For E18: 1) skin, adipose tissue, viscera, and yolk sac are removed; 2) fixed and stained as in step (2) (5) and (6) for E14. The amount of solution in each step above was at least 5 to 8 times more than the volume of embryos being processed. The KOH stain and macerating solution was changed as soon as it started turning yellow. Macroscopic observation of skeletons was performed under a dissecting stereomicroscope (Labomed CZM6, USA). The timing of chondrification and calcification of the left femur and tibia were documented according to the procedure described by Nakane and Tsudzuki (1999) . Chondrification was confirmed by blue color stain with Alcian blue 8GX and calcification by red color with Alizarin red S (Figure 1 ). Gross morphological measurements were conducted according to the procedure of Blom and Lilja (2004) . The amount of calcified bone was measured as the mean length of the red stained part of the bones (femur and tibia), and the amount of cartilage was measured as the mean height of the nonstained parts (i.e., proximal and distal cartilaginous epiphyses). Midshaft width and calcification [(calcified tissue/whole bone) × 100] were determined using image analysis software (Image Pro-Plus 4.5.0.29, Media Cybernetics Inc., Bethesda, MD). Images were captured using a digital camera (Olympus E330, Tokyo, Japan) mounted on a stereomicroscope (Labomed CZM6).
Tibia Morphometry and Histomorphometry
Tibias were selected for further analysis because they are known to be the most rapidly growing long bone, and therefore, they are considered more susceptible to mechanical stress (Church and Johnson, 1964) . Four (Crenshaw et al., 1981) . Cross-sectional area: A = 0.785(BD − bd), where the constant 0.785 equals (π/4) in the calculation of cross-sectional area for an ellipse (Ferretti et al., 1993) . A) The GP appears red compared with adjacent bony structures. B) Region of interest including the low signal was manually outlined, and the software programs then automatically display the GP and calculate the area (mm 2 ). C) In each epiphysis zone, 4 vertical lines were drawn throughout the growth plate to calculate the GP width (average of these 4 measurements).
hundred fifty chicks at hatching (DOH) were taken to evaluate tibia bone development. At 30, 40, and 50 wk of breeder age, 5 hatchling chicks from each of 10 replicates were randomly selected and killed by cervical dislocation before bone collection. Right and left tibias were stripped of any adhering tissue leaving intact cartilage caps on bones. The right tibias were submitted to fat extraction in diethyl ether overnight and subsequently dried. The dried tibias were weighed, and their lengths were determined using a digital caliper ruler (Mitutoyo CSX-B, Japan). Bones were later ashed for 10 h at 600°C in a muffle furnace (Sanchis, Porto Alegre, RS, Brazil) to determine percent ash [(dry ash weight/dry tibia weight) × 100].
The left tibias were fixed in 10% neutral buffered formalin. Formalin-fixed tibias were decalcified in a 50/50 solution of 20% sodium citrate and 44% formic acid (Vetec Química Fina, Rio de Janeiro, RJ, Brazil) for at least 24 h and then washed with distilled water. Tibias were then dehydrated in graded ethanol solutions. Midshaft and distal epiphysis were cleared in xylene, embedded in paraffin, sectioned at 5 μm on a rotary microtome (Leica, RM2155, Canada), and stained with hematoxylin and eosin. Diaphysis and epiphysis images were captured using a microscope (Olympus BX41) equipped with a digital camera (Olympus E330), and the histomorphometric data were obtained using a software image program (Image-Pro Plus 4.5.0.29).
To access the influence of diaphyseal geometrical variation on whole bone mechanical properties, inner endosteal and outer periosteal diameters on x-and yaxes of the tibial section were performed using the software image program. Two diaphysis geometric characteristics (moment of inertia and cross-sectional area of the cross-section in relation to the horizontal axis) were calculated as shown in Figure 2 (Crenshaw et al., 1981; Ferretti et al., 1993) . Ephiphysis growth plate width and area width were evaluated using the proliferative zone, including columnar chondrocytes and the extracellular matrix (Idelevich et al., 2011; Kim et al., 2011) . The software image program with semi-automatic function was programmed to measure the growth plate area. The steps for the histomorphometric analysis are outlined in Figure 3 . The growth plate appears red-colored compared with the adjacent bone structures ( Figure 3A) . The region of interest was manually outlined, and the software program then automatically displays the area of interest, the growth plate, and calculates the area ( Figure 3B ) on each slice according to the volume of all red pixels. Because the growth plate is not uniform in thickness, 4 vertical (perpendicular to chondro-osseous junction) lines were drawn throughout the growth plate area ( Figure 3C ), and width was calculated as an average of these 4 measurements.
Statistical Analysis
Data were analyzed using Repeated Measures Modeling with the PROC MIXED procedure of SAS 9.2 (SAS Institute Inc., Cary, NC). The factors of time and pen Means within the same column with different superscripts differ significantly (P ≤ 0.05) and a trend (P ≤ 0.07).
1 Midshaft width, bone length, and calcification length were measured for embryos stained with Alcian-blue and Alizarin-red S.
2
Relative calcification was determined using (calcified length/whole bone length) × 100. Means of 200 embryos/treatment. n = 10 replicates (5 embryos/replicate/period).
5
Means of 150 embryos/period. n = 30 replicates (5 embryos/replicate/period).
(20 females and 2 males) were considered as fixed and random effects, respectively. The autoregressive covariance structure (AR[1]) was fitted, as it showed the best covariance structure based on the Akaike information criteria (Littell et al., 1998) . A consideration was made that measures in all periods had the same variance; means were compared using least squares means comparison and were separated by the PDIFF procedure of SAS when main effect differences or their interaction were detected. Differences were considered significant at P < 0.05 and a statistical trend at P < 0.1.
RESULTS
Formulated and analyzed diet nutrients were similar ( Table 1 ). The Zn, Mn, and Cu concentrations of basal and experimental diets are presented in Table 2 and exceed the NRC (1994) requirements. A small variation occurred between calculated and analyzed values, but the mineral concentration increased from the control and ISO to the on-top metal-AA complex diets, as expected.
The data presented in Table 3 show that feeding the ISO treatment compared with the control diet increased the Zn (P < 0.05) but not Mn and Cu content of the yolk and albumen blend. Egg mineral composition was affected by period with an initial increase from 35 to 55 wk and decrease between 55 to 65 wk of age (P < 0.05). There was no period × diet interaction in any of the parameters evaluated in the current study.
The data presented in Tables 4 show the midshaft width and calcification of tibia and femur in different embryo development stages. At E10, no differences in the tibia midshaft width and calcification between treatments were found (Table 4) . Feeding breeder hens with ISO and on top at E14 had a trend (P < 0.1) to increase tibia calcification at the rate of 1.6% and 1%, respectively. Following a similar trend, the E18 from hens fed ISO and on-top treatments had 2.8 and 1.9% thicker tibia (P < 0.05) and 2.8 and 1.4% thicker femur (P < 0.1) than embryos from the control hens, regardless of hen age. At E18 tibia and femur calcification were greater from hens fed the on-top supplementation (P < 0.05).
Midshaft width of tibia and femur was affected similarly by period with an increased bone thickness in the breeder age from 30 to 60 wk of age. Bone calcification at E10 decreased with breeder age (P < 0.01). However, differences in bone calcification at E18 from early and late breeder ages were less distinct, which could be an indication that chicks from older breeder hens can have a limited skeletal calcification during the early embryonic stages.
Tibia length, weight, and ash content at DOH were not affected by the treatments, but were affected by period (P < 0.01; Table 5 ). Based on tibia histology measurements at DOH, the moment of inertia increased (P < 0.01) in chicks from hens fed the ISO and ontop treatments compared with the control (Figure 4 ).
Cross-sectional area of tibia midshaft, distal epiphysis growth plate thickness, and area at DOH were affected only by period (P < 0.05; data not shown).
DISCUSSION
The main objective in broiler breeder nutrition is to obtain optimum progeny performance. Results of the present study demonstrate that micromineral source can influence egg mineral content and embryo bone development. Transference of trace minerals from the hen's diet to the egg involves 2 possible routes: the ovary to the yolk and the oviduct to the albumen, shell membrane, and eggshell (Richards, 1997) . Mineral transference from the hen into the egg is very important for proper embryo development of crucial and critical organs such as the skeletal system (Kidd, 2003; Dibner et al., 2007) .
As minor bone constituents, Zn, Mn, and Cu are not usually considered when evaluating bone mineralization in commercial breeder production; however, their potential impact in adequate bone mineralization has been demonstrated (O'Dell et al., 1961; Kienholz et al., 1964; Leach, 1976) . A component of carbonic anhydrase, Zn plays regulatory roles in bone development (Kienholz et al., 1964; Kidd et al., 1992) . Essential for formation of the bone cartilage, Mn is also involved in the formation of proteoglycans (Caskey et al., 1939) , which in the epiphyseal bone improves resistance to compression (Leach, 1976) . Also important for bone de- velopment, Cu has an important role in the cross-linking of collagen and elastin providing tensile strength and elasticity to the bone matrix (O'Dell et al., 1961; Dibner et al., 2007) . Besides their essentiality, research with these minerals has shown direct relationship between egg mineral status and progeny responses (Kidd et al., 1992 , Hudson et al., 2004 .
According to previous research and as well as with the present results, there appears to be 2 possibilities to enrich egg mineral content: via feeding using OTM and via in ovo feeding technology (Uni and Ferket, 2003) . Feeding breeder hens with organic Zn, Hudson et al. (2004) observed an increase in the egg Zn content. Results of the current study showed that egg yolk and albumen had 3.2 and 2.2% more Zn in hens fed the ISO and on-top treatments, respectively, compared with the control. However, the same trend was not observed with Mn and Cu, which could be related with mineral availability on the basal diet, absorption pathways, or mineral interaction in the gastrointestinal system. Evaluating the effects of in ovo feeding methodology on embryo nutrient consumption during incubation, Yair and Uni (2011) observed that eggs enriched with minerals at E17 with organic sources of Fe, Zn, Mn, Cu, Ca, and inorganic P (KH 2 PO 4 ) exhibited greater embryo incorporation of Fe, Zn, and Mn between E20 and DOH. Kidd et al. (1992) observed an increase in the progeny tibia weight when breeders were fed organic Zn and concluded that, either organic Zn was more available from the diet or it was more efficiently transferred from the yolk to the embryo than inorganic Zn improving. It has been recently shown that supplementing organic Zn to broiler chickens consistently increased serum and plasma Ca levels (Feng et al., 2010; Salim et al., 2012) . The authors suggested that the results could be attributed to the interactive effects between Zn and Ca metabolism. Present study feeding breeder hens with ISO or on top diets seemed to improve embryo bone mineralization. Furthermore, significant differences were not always consistent on the different evaluated periods, which could be related to the mineral concentration in the diet because the hens feed intake changed over time.
Evaluating the mechanical properties of rat femur diaphysis, Ferretti et al. (1993) observed high correlation coefficients of the moment of inertia and cross-sectional area in the determination of bone strength and stiffness compared with the mean relative wall thickness. The present results show an improvement in the tibia moment inertia suggesting that broiler chicks from hens fed ISO or on top diets have greater strength and stiffness of tibia at DOH compared with the control group. According with the design proposed in the present study, it is not possible to separate what portion of the response is due to the zinc-amino acid complex, manganese-amino acid complex, or copper-amino acid complex. However, it seems clear that the responses observed are due to the replacement of the 3 minerals in the organic source. The use of OZMC to supply more available trace minerals is supported by previous research (Wedekind et al., 1992; Cao et al., 2002) . Although the importance of amino acids as ligands should not be discounted, the observed effects seemed to be due to the available trace minerals because minimum differences existed for amino acid concentration between diets containing amino acid complexed minerals and the ones having inorganic sources. It seems more reasonable to consider the possibility that synergistic effects of IZMC and OZMC may have actually enhanced the mineral utilization in the mechanisms involved in building structural connective tissue observed in the present study.
To the authors' knowledge, the findings in the present study represent the first report of the effects of OZMC on the macro and microscopic chick embryo bone development evaluation. The techniques used can potentially be applied to determine bone modeling in research evaluating the effects of maternal nutrition on progeny bone development. A better understanding of the levels and the role of each trace mineral in the henegg transference and the availability to the embryo is warranted to clarify the distinction between ITM and OTM sources and their interaction in poultry nutrition.
